present a constant offset from it; instead, they appear to be mainly controlled by a microhabitat effect. The lower δ 13 C values of shallow, intermediate, and deep infaunal taxa at the deeper station compared to those seen at the shallower station reflect the enhanced exportation of sedimentary organic matter at the sediment-water interface, and its related mineralization within the upper sediments. The ∆δ 13 C between shallow/very shallow infaunal species (i.e., Hoeglundina elegans, Uvigerina hispida) and intermediate/ deep infaunal species (i.e., Melonis barleeanus, Globobulimina barbata) permits insight into (1) the exportation of organic matter to the seafloor and (2) the various degradation pathways for organic detritus in the benthic environments off NW Madagascar.
Introduction
Numerous studies performed over the last four decades have focused on the stable isotopes in deep-sea benthic foraminifera (Woodruff et al. 1980; Grossman 1984a Grossman , b, 1987 Dunbar and Wefer 1984; Mackensen and Douglas 1989; McCorkle et al. 1990 McCorkle et al. , 1997 Mackensen et al. 1993 Mackensen et al. , 2000 Sen Gupta and Aharon 1994; McCorkle and Keigwin 1994; Rathburn et al. 1996 Rathburn et al. , 2000 Rathburn et al. , 2003 Sen Gupta et al. 1997; Corliss et al. 2002 Corliss et al. , 2006 Torres et al. 2003; Mackensen and Licari 2004; Schmiedl et al. 2004; Holsten et al. 2004; Filipsson et al. 2004; Hill et al. 2004; Panieri 2006; Fontanier et al. 2006 Fontanier et al. , 2008 Fontanier et al. , 2014 Eberwein and Mackensen 2006; Schmiedl and Mackensen 2006; Mackensen 2008; Basak et al. 2009; Staines-Urías and Douglas 2009; Martin et al. 2010; Schumacher et al. Abstract Oxygen and carbon isotopes (δ 18 O and δ 13 C) have been investigated in carbonate tests of deep-sea foraminifera living in the Mozambique Channel (eastern Africa) to understand how environmental constraints (e.g., organic matter, oxygenation) control the intra-and interspecific variability of isotopic signatures. 197 living individuals, including eight different species, from various microhabitats within the sediment were sorted from sediment samples gathered at two stations on the Malagasy upper slope. Results show that the δ 18 O values of foraminiferal taxa were not controlled by microhabitat pattern. They presented tremendous and intriguing intraspecific variability that is not explained by the classical ontogenetic effect. The 2010; Ishimura et al. 2012; Mackensen 2013; Theodor et al. 2016) . In those studies, the δ 18 O of benthic foraminifera was generally found to be in near-equilibrium with the δ 18 O of the bottom water and to comply with temperaturedependent fractionation. However, foraminiferal taxa also present intra-and interspecific offsets that are related to other cryptic fractionation effects (e.g., vital effects). For example, it is commonly accepted that the carbon isotopic signature of infaunal benthic foraminifera is strongly influenced by the ambient pore-water δ 13 C. Usually, the profile of ambient pore-water δ 13 C shows rapid isotopic depletion with depth in the sediment due to the release of 13 C-depleted CO 2 during the decomposition of sedimentary organic matter (Grossman 1984a (Grossman , b, 1987 McCorkle et al. 1985) . Foraminiferal taxa that calcify in the pore water of the sediment interval in which they preferentially live therefore appear to mirror this depletion, showing a socalled microhabitat effect. Moreover, intraspecific differences related to ontogenetic stage and reproduction mode (asexual/sexual) have been documented (e.g., Dunbar and Wefer 1984; Schmiedl et al. 2004; Staines-Urías and Douglas 2009; Schumacher et al. 2010; Theodor et al. 2016) . Moreover, the concentrations of the various carbonate species present may have a significant impact on the fractionation of carbon and oxygen isotopes (e.g., Zeebe and WolfGladrow 2001) . Finally, all available evidence shows that the interpretation of carbon isotopes in benthic foraminiferal tests in relation to the chemical properties of bottom and interstitial waters requires exhaustive knowledge of the ecology and biology of the investigated taxa (depth of calcification, food preferences, reproduction mode, ontogenetic cycle, internal pH regulation, and test texture) and an understanding of the geochemical processes that affect the carbonate and stable isotope chemistry of bottom and pore waters (e.g., McCorkle et al. 1990 McCorkle et al. , 1997 Mackensen et al. 1993 Mackensen et al. , 2000 McCorkle and Keigwin 1994; Rathburn et al. 1996 Rathburn et al. , 2000 Rathburn et al. , 2003 Corliss et al. 2002; Mackensen and Licari 2004; Schmiedl et al. 2004; Holsten et al. 2004; Fontanier et al. 2006 Fontanier et al. , 2008 Fontanier et al. , 2014 Eberwein and Mackensen 2006; Mackensen 2008; Basak et al. 2009; Staines-Urías and Douglas 2009; Schumacher et al. 2010; Theodor et al. 2016 ).
The work reported in the present paper investigated the oxygen and carbon isotopes in carbonate tests of live benthic foraminifera collected at two Malagasy upper-slope stations (530 and 780 m deep, respectively) in the Mozambique Channel (Eastern Africa; Fig. 1 ). Both stations were sampled during the PAMELA-MOZ1 cruise aboard the R/V L'Atalante (Genavir-Ifremer). Eight benthic foraminiferal taxa belonging to the >125-µm size fraction were investigated: Bolivina alata, Bulimina inflata, Bulimina marginata, Globobulimina barbata, Hoeglundina elegans, Melonis barleeanus, Pullenia bulloides, and Uvigerina hispida. At both stations, the standing stocks, composition, and microhabitats of foraminifera are controlled by the sedimentary organic matter and the dissolved oxygen concentration at and below the sediment-water interface (Fontanier et al. 2016) . Together, these factors define intermediate and deep infaunal microhabitats where some highly specialized taxa are capable of thriving (e.g., Melonis barleeanus, Globobulimina barbata). The highest foraminiferal standing stocks are observed at the 780-m-deep station, where peculiar sedimentary facies enriched in labile organic matter are observed, with organic carbon contents of >2.0% (dry weight). The conditions at this station are obviously influenced by sedimentary inputs relating to the Mahavavy River (Fontanier et al. 2016) . Bolivina alata, Bulimina marginata, Haplophragmoides bradyi, and Nouria compressa are relevant bioindicators of the enhanced burial of organic matter at this site (i.e., eutrophic conditions). Uvigerina hispida is dominant at the 530-m-deep station, where more mesotrophic environmental conditions prevail. Interestingly, species (B. marginata, U. hispida, H. elegans, and M. barleeanus) that are characterized by different microhabitats are found at both stations. Moreover, many long cores (Küllenberg type) have also been collected in this study area (Olu 2014) . These are expected to provide promising sedimentary archives that can be used to assess the centennial/millennial variability of environmental parameters (organic carbon supply, bottom-water oxygenation, sedimentary inputs) in relation to climatic changes in the past (e.g., monsoons, glacial-interglacial transitions). Therefore, a thorough understanding of the isotopic signatures (δ 18 O, δ 13 C) of modern benthic foraminifera is essential when performing any kind of paleoenvironmental investigation.
In the study reported here, we aimed to compare benthic foraminiferal isotopic signatures (δ 18 O, δ 13 C) with physicochemical and biogeochemical properties (temperature, oxygenation, sedimentary organic matter) of bottom and sediment pore waters on the Malagasy upper slope ( Fig. 1 ; Tables 1, 2 ). The degradation of sedimentary organic matter and its effect on carbonate geochemistry are believed to have a major impact on the δ 13 C signal from the dissolved inorganic carbon (DIC) in bottom and interstitial Fig. 1 Bathymetry and locations of the two investigated stations in the Mozambique Channel (eastern Africa). Bathymetric data were acquired during the PTOLEMEE cruise using an EM302 multibeam echosounder (Jorry 2014 waters, and should lead to consistent downslope variations in the δ 13 C isotopic signatures of benthic foraminifera in different microhabitats (Ishimura et al. 2012) . In addition, we expected to see an overall decrease in the benthic foraminiferal δ
13 C values of all individuals thriving at the 780-m-deep station, where sedimentary organic matter (OM) is concentrated and the oxygen penetration depth is limited by enhanced OM mineralization. In light of our results, we aim to propose paleoproductivity proxies based on multispecies δ 13 C signatures.
Materials and methods

Study area
The two study sites were sampled during the PAMELA-MOZ1 cruise aboard the R/V L'Atalante (Genavir-Ifremer) ( Fig. 1 ; Table 1 ) (Olu 2014 (Schouten et al. 2003; Ridderinkhof et al. 2010; Ullgren et al. 2012; Ternon et al. 2014 ). The Mozambique Current, which in turn partially generates the Agulhas Current, is generated by a series of complex dipoles of anticyclonic and cyclonic eddies that flow southward through the western Mozambique Channel. Those eddies produce hydrological fronts, divergence zones, and upwellings that affect surface and subsurface waters (Ridderinkhof and de Ruitjer 2003) . Below, the South Indian Central Water (SICW), which corresponds to the permanent thermocline (temperature between 8 and 13 °C, salinity between 34.8 and 35.2 psu), occurs in the depth interval 200-600 m (Ullgren et al. 2012) . Intermediate waters are characterized by a complex mixture of oxygen-depleted and salty Red Sea Water (RSW; salinity >34.7 psu) from the north, and fresh Antarctic Intermediate Water (AAIW; salinity <34.5 psu) from the south (Roman and Lutjeharms 2009; Ullgren et al. 2012) . Regarding primary production, the Mozambique Channel is considered a mesotrophic basin, with values ranging between 100 and 150 g C/m 2 /year (Antoine et al. 1996) . Large phytoplankton blooms (mainly cyanobacteria and coccolithophorids) are recorded in austral summer (i.e., during the rainy period), and are linked to coastal upwelling, precipitation along the coasts of Madagascar and Mozambique, light penetration, and local mesoscale circulation features related to eddies (Machu and Garçon 2001; Tew-Kai and Marsac 2009; Raj et al. 2010) .
In this study, both stations were located on the upper slope off northwestern Madagascar (Fig. 1) . The so-called C/N atomic ratio
Betsiboka slope Silty clay Betsiboka slope station (i.e., multicorer deployments MTB-1 and MTB-2; ~528 m depth) is located on the upper slope at a depth of 558 m, 50 km from the mouth of the Betsiboka River ( Fig. 1 ; Table 1 ). It is bathed by the SCIW. The Mahavavy slope station (i.e., multicorer deployments MTB-6 and MTB-7; ~780 m depth) is located ~30 km southwestward from the previous station, but only 30 km from the mouth of the Mahavavy River (Fig. 1 ). This station is bathed by an intermediate water mass consisting of a mixture of RSW and AAIW. It is noteworthy that the Betsiboka River is the main river of Madagascar in terms of length, watershed, as well as discharge (Berthois and Crosnier 1965) . It is characterized by a 20-km-long estuary.
Because of modern deforestation in its catchment basin, the Betsiboka estuary has evolved into a high-sedimentation area and is characterized by one of the world's fastest coastal dynamics (Lebigre 1990; Ralison et al. 2008 ). The Mahavavy is another important Malagasy river, and one which differs from the Betsiboka in its triangular delta that leads to the ocean.
Sediment coring
Sediment samples were collected with a Barnett-type multicorer equipped with eight Plexiglas tubes (96-mm internal diameter; Barnett et al. 1984) . The multicorer allowed the upper decimeter of the sediment column, the overlying bottom waters, and the comparatively undisturbed sediment-water interface to be sampled. It was deployed twice at each station (Table 1) . Two duplicate cores per station (gathered from the same multicorer deployment) were processed for foraminiferal investigation. Onboard the ship, each core was sliced horizontally every 0.5 cm from the sediment-water interface to a depth of 4 cm, and then every centimeter in the depth interval 4-10 cm. The corresponding samples were transferred to 500-cm 3 bottles, which were filled with 95% ethanol containing 2 g/L rose bengal stain, commonly used to identify live foraminifera (Walton 1952; Murray and Bowser 2000) . All samples were gently shaken for several minutes to obtain a homogeneous mixture. At the laboratory (3 months after the cruise), the samples were sieved through both 63-µm and 125-µm mesh screens, and the sieve residues were stored in 95% ethanol. Ecological patterns of living (stained) foraminiferal faunas belonging to the >125-µm size fraction and environmental parameters (pore-water dissolved oxygen, dissolved oxygen in bottom water, grain size, sedimentary organic matter) are discussed in Fontanier et al. (2016) (see Tables 1 and 2 ). All stable isotopic analyses presented in the present paper were performed on living (stained) foraminifera (Table 3) . Microhabitat patterns of species selected for isotope measurements are pictured in Fig. 3a -b.
Stable isotope measurements
Isotopic measurements (n = 120) were performed on 197 individuals belonging to eight dominant taxa of living (stained) foraminifera: Bolivina alata, Bulimina inflata, Bulimina marginata, Globobulimina barbata, Hoeglundina elegans, Melonis barleeanus, Pullenia bulloides, and Uvigerina hispida. All individuals were considered to be autochthonous and alive when sampled. Table 3 gives the number of specimens analyzed in each measurement and the stable isotopic composition as determined with a GV IsoPrime mass spectrometer using an automated carbonate preparation system (IsoPrime Multiprep) at the Japan Agency for Marine-Earth Science. Each analysis included 1-5 individuals >125 µm in size that were cleaned in an ultrasonic bath (Table 3 ). The reaction temperature in the GV IsoPrime mass spectrometer was 90 °C. All values are given in δ notation versus VPDB (Table 3 ). The precision of the measurements at 1σ was better than ± 0.06‰ for oxygen and carbon isotopes. It is worth noting that we did not consider any size subfractions within the >125-µm size class. For Bolivina alata, Bulimina marginata, and Uvigerina hispida, however, we qualitatively (and relatively) differentiated between samples containing small specimens (i.e., preadults) and samples bearing moderate-to-large individuals (i.e., adults) (Table 3) .
Two approaches were used to obtain the δ 13 C of dissolved inorganic carbon in bottom water (δ 13 C DIC ). First, Kroopnick's equation was used to link the apparent oxygen utilization in bottom water (AOU) with δ 13 C DIC (Kroopnick 1985) (Table 1): where AOU is defined as the difference between the saturation dissolved oxygen concentration in bottom water (BWO sat ) and the measured dissolved oxygen concentration (BWO meas ):
The saturation dissolved oxygen concentration in bottom water (BWO sat ) was determined using an ICES/CIEM calculator available at http://ocean.ices.dk/Tools/Calculator. aspx (Table 1) . This enabled us to estimate δ 13 C DIC values that ranged between 0.6‰ at the Mahavavy slope station and 0.9‰ at the Betsiboka slope station (Table 1) .
Alternatively, we retrieved δ
13
C DIC values from the World Ocean Database 2009 (WOD09 files at http://www.nodc. noaa.gov/OC5/WOD/pr_wod.html). We used a δ 13 C DIC vertical profile in the water column, which was obtained at a station located in the Comoro Basin in January 1996 (station ID: 4175, latitude −11°42.0′N; longitude 48°34.9′E) (Fig. 2) . This second approach yielded δ Ow) in previous publications and cruises. Therefore, we could not gauge the δ
18
O of calcite in equilibrium with the bottom water for a given temperature.
Results
Figure 4 presents all of the isotope data (either δ 18 O or δ 13 C) relating to both duplicate cores collected at each station. Where possible (i.e., when the same species occurred in the same sediment interval for a single or for both duplicate cores), we calculated the mean δ 18 O and δ 13 C values for each taxon (i.e., the so-called specific mean value).
Benthic foraminiferal δ
18 O values at the Betsiboka slope station
The δ
18 O values ranged between +1.65‰ ± 0.36 and +3.65‰ ± 1.44‰ (Fig. 4) . The strongest signature was recorded for Uvigerina hispida in the 0-0.5 cm interval. This calcitic taxon occupies a shallow infaunal microhabitat (Fig. 3a) . Hoeglundina elegans is a shallow infaunal aragonitic species that presented a mean signature of +3.55‰ ± 0.81‰, very close to that of the previous taxon. Bulimina marginata yielded a δ 18 O value of +2.73‰ ± 0.88‰. Melonis barleeanus and Globobulimina barbata, which thrive in intermediate and deep infaunal microhabitats, respectively, presented values ranging between +1.65‰ ± 0.36 and +2.27‰ ± 0.40‰ (Figs. 3a,  4) . 13 C values ranged between −1.89‰ ± 0.13 and +1.42‰ ± 1.09‰ (Fig. 4) . There was strong interspecific variability among the shallow infaunal species selected from the 0-0.5 cm interval, with the most depleted δ 13 C values recorded for Uvigerina hispida and Bulimina marginata (−0.18 and +0.04‰, respectively) and the strongest δ 13 C signature (+1.42 ± 1.09‰) recorded for Hoeglundina elegans (Figs. 3a, 4) . Note that H. elegans yielded δ 13 C values of between +0.9 and +1.1‰, which were the closest to the δ 13 C of dissolved inorganic carbon in the bottom water (δ 13 C DIC ) . The lowest value was recorded for the deep infaunal Globobulimina barbata selected in the 3-5 cm interval. The G. barbata recovered from the 1.5-4 cm interval also presented strong depletion (−1.81 ± 0.15‰). The δ 13 C values recorded for the intermediate infaunal Melonis barleeanus were slightly higher than those of G. barbata.
Benthic foraminiferal δ
18 O values at the Mahavavy slope station
The δ
18 O values ranged between +0.52 and +4.18‰ ± 0.21‰ (Fig. 4) (Fig. 4) .
Benthic foraminiferal δ
13 C values at the Mahavavy slope station The δ 13 C values ranged between −5.35‰ ± 0.29 and −0.31‰ ± 1.49‰ (Fig. 4) . The strongest δ 13 C signatures (−0.31‰ ± 1.49 and −0.71‰ ± 1.06‰) were recorded for Hoeglundina elegans, which thrives in the first centimeter below the SWI (Figs. 3b, 4) . The δ 13 C value of H. elegans was lower than that of the bottom-water δ 13 C DIC . The δ 13 C of Bulimina marginata ranged between −2.56‰ ± 0.93 and −2.16‰ ± 0.88‰; this was much lower than the signature from H. elegans, and it exhibited minor changes with sediment depth. The δ 13 C of Bolivina alata (values of between -3.55‰ ± 0.29 and −3.04‰ ± 1.13‰) decreased slightly with sediment depth. The δ 13 C of Uvigerina hispida (−2.56‰ ± 1.04‰) was lower than the δ 13 C of dissolved inorganic carbon in the bottom water. The intermediate Fig. 2 
Bulimina marginata
Discussion
General remarks about intraspecific variability
Metabolic-rate-dependent fractionation (and the preferential incorporation of isotopically depleted metabolic CO 2 when the growth rate is enhanced) may induce significant intraspecific variability (so-called ontogenetic and dimorphic effects) in isotopic signals (e.g., Schmiedl et al. 2004; Staines-Urías and Douglas 2009; Filipsson et al. 2010; Schumacher et al. 2010; Theodor et al. 2016) . Schumacher et al. (2010) documented that Uvigerina ex. gr. U. semiornata sampled from the Pakistan continental margin presented an increase in δ 13 C of about 0.105‰ for each 100-µm increase in test size, whereas δ 18 O increased by 0.02-0.06‰ per 100-µm increase. Schmiedl et al. (2004) , who worked on living foraminifera from the western Mediterranean Sea, also described a 0.8-1.2‰ increase in the δ 13 C of Uvigerina mediterranea and a 0.3-0.4 ‰ increase in δ 18 O when the test size was increased from 175 to 1250 µm. Theodor et al. (2016) noticed that stable isotope values increased with test size in bi-or triserial taxa (genera Uvigerina and Globobulimina). We did not observe any systematical depletion of δ 13 C and δ 18 O in preadult compared to adult individuals of Bulimina marginata and Bolivina alata in the Mozambique Channel off Madagascar (Table 3) . On the contrary, the small-sized individuals usually presented much stronger isotope signals than the larger individuals did (see, for instance, the δ 18 O values of Bulimina marginata in the MTB-7A cores and the δ 13 C of Bulimina marginata in the MTB-7A core; Table 3 ). We do not have a robust explanation for such a pattern, but it is evident that our study provides us with the opportunity to focus on samples with few individuals (Table 3) . For 70 of the samples, we analyzed a single specimen (>9 µg), resulting in tremendous intraspecific δ 18 O and δ 13 C variability for some species. For example, the δ 18 O of Uvigerina hispida at the Betsiboka slope station has a mean value of 3.65‰ in the MTB-1A and MTB-1B duplicate cores, with a standard deviation of 1.44‰ and values ranging between 1.82 and 5.27‰ ( Fig. 4; Table 3 ). Regarding the moderate δ 18 O variability generated by size effects (Schmiedl et al. 2004; Schumacher et al. 2010; Theodor et al. 2016) , it is difficult to explain the high intraspecific differences recorded for U. hispida as being due to ontogenetic factors alone. Alternatively, the intraspecific variability could be related to random mixing between megalospheric and microspheric tests with different isotope signatures. For instance, Uvigerina hispida presents remarkable dimorphism between individuals with an acuminate/pointed end (microspheric/sexual generation) and specimens presenting a large and rounded end (megalospheric/asexual generation). Staines-Urías and Douglas (2009) Ishimura et al. (2012) , the intraspecific variability could be related to the carbonate ion concentration [CO 3 2− ] in pore water, which varies within the sediment and over time as a function of the decomposition of organic matter. Alternatively, the heterogeneity of intracellular pH when foraminifera calcify (as depicted in de Nooijer et al. 2009 ) might explain the interindividual isotopic variability.
Finally, in order to better assess the intraspecific variability recorded at our stations, it would have been useful to perform a specific and thorough analysis of the stable isotopes in (1) narrow size subclasses and (2) perfectly discriminated generation types. Furthermore, it is essential to obtain new environmental data on the intra-annual variability of geochemical and physical conditions (e.g., porewater δ 18 O and δ 13 C DIC , temperature, and alkalinity) that prevail at and below the sediment-water interface.
Interspecific δ 18 O variability in relation to microhabitat
As explained in Fontanier et al. (2016) , the living foraminifera investigated in this study occupy different microhabitats within sediments (Fig. 3) . Hoeglundina elegans is considered a very shallow infaunal (VSI) taxon that thrives very close to the sediment-water interface (SWI). As they are shallow infaunal (SI) species, Uvigerina hispida and Bulimina marginata occupy the first centimeter below the SWI (Fig. 3a-b) . They rely on the organic matter that preferentially accumulates below the SWI (Fontanier et al. 2016) . Bolivina alata, Pullenia bulloides, Bulimina inflata, and Melonis barleeanus, which appear in subsurface sediments, are considered intermediate infaunal (II) taxa that are capable of feeding on altered organic Fig. 3 a-b Down-core distributions of foraminiferal taxa in the four cores gathered at the two stations (two duplicate cores per station). Only species that were investigated for stable isotopes are pictured. The number of individuals belonging to the >125-µm fraction found in each level has been normalized to a sediment volume of 50 cm 3 . The oxygen penetration depth (OPD) is indicated by an arrow. These data are also presented and discussed in Fontanier et al. (2016) ◂ matter under low-oxygen conditions (Fontanier et al. 2016) (Fig. 3a-b) . Globobulimina barbata is a deep infaunal (DI) species that lives around the oxygen penetration depth (OPD), several centimeters below the SWI. Considered a facultative anaerobe, it is thought to be able to use nitrate to degrade altered organic compounds (Fontanier et al. 2016) . The δ 18 O values of these taxa change systematically in relation to sediment depth (Figs. 4, 5) . Schmiedl et al. (2004) and Theodor et al. (2016) 
described δ
18 O offsets between species that were directly related to their preferential microhabitats, with higher values recorded for deep infaunal species and decreasing values for intermediate to shallow infaunal taxa. However, Bolivina alata presented the strongest signal recorded at the Betsiboka slope station, even though this species occupied an intermediate infaunal microhabitat (Figs. 4, 5) . As previously indicated in Fontanier et al. (2006; , our data suggest that the pattern of increasing δ 18 O with microhabitat depth cannot be systematically retained.
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Interspecific δ 13 C variability in relation to microhabitat
Pore-water δ 13 C DIC decreased from a value close to the bottom-water δ 13 C DIC at the sediment-water interface to much smaller values in deeper sediments. This is mainly a result of the progressive mineralization of organic matter buried in deeper sediments and the related release of 12 C during bacterial degradation (e.g., Grossman 1984a Grossman , 1987 McCorkle et al. 1985 McCorkle et al. , 1990 McCorkle and Emerson 1988) . Consequently, the higher the organic matter exportation at the seafloor, the stronger the depletion of pore-water δ 13 C DIC (e.g., McCorkle and Emerson 1988; McCorkle et al. 1990; Holsten et al. 2004; Schmiedl and Mackensen 2006) . In our study, low δ 13 C values of species thriving deeper in sediments confirmed that infaunal benthic foraminifera present the same δ 13 C DIC as pore water (Figs. 4, 5 ) (e.g., McCorkle et al. 1990 McCorkle et al. , 1997 Rathburn et al. 1996; Mackensen and Licari 2004; Schmiedl et al. 2004; Holsten et al. 2004; Fontanier et al. 2006 Fontanier et al. , 2008 Basak et al. 2009 ). The so-called microhabitat effect refers to carbonate precipitation in isotopically distinct growth environments. Because Hoeglundina elegans lives very close to the sediment-water interface (Fig. 3a-b) , its δ 13 C values are close to that of the bottom-water δ 13 C DIC (Figs. 4, 5) . Bulimina marginata and Uvigerina hispida, which occupy the first centimeter below the SWI, exhibit depleted signals compared to H. elegans (Fig. 5) . Pullenia bulloides, Bulimina inflata, Bolivina alata, Melonis barleeanus, and Globobulimina barbata, which live in intermediate-to-deep infaunal microhabitats, have systematically weaker δ 13 C signatures, especially G. barbata and M. barleeanus, which thrive close to the OPD (e.g., McCorkle et al. 1990 McCorkle et al. , 1997 Schmiedl et al. 2004; Fontanier et al. 2006 Fontanier et al. , 2008 Theodor et al. 2016 ).
Interspecific δ 13 C variability in relation to sedimentary organic matter
A precise comparison of interspecific ∆δ 13 C values at both of the stations studied yields interesting insights and increased understanding of the influence of organic matter exported at the seafloor on foraminiferal δ 13 C (Fig. 5 ). Whereas the Betsiboka slope station is characterized by relatively moderate levels of sedimentary organic matter, the Mahavavy slope station presents higher levels of organic matter, especially in the uppermost sediments, where peculiar sedimentary facies-likely related to rare The number (n) of measurements used to calculate each intraspecific mean value is indicated above the relevant symbol. We distinguished between very shallow infaunal (VSI), shallow infaunal (SI), intermediate infaunal (II), and deep infaunal (DI) microhabitats. The dotted lines depict the bottom-water δ 13 C DIC (Table 1) but extreme flood events-are enriched in organic carbon (>2.0 % DW) (Table 1 ) (Fontanier et al. 2016 ). When we compare the stations in terms of interspecific δ 13 C variability, the ∆δ 13 C between (very) shallow and intermediate infaunal taxa clearly increases with sedimentary organic matter enrichment and enhanced organic mineralization (as suggested by the shallower OPD at the Mahavavy slope station). For instance, the ∆δ 13 C between H. elegans and M. barleeanus is 2.78‰ at the Betsiboka slope station, and increases to 3.96‰ at the Mahavavy slope station. Accordingly, the ∆δ 13 C between U. hispida and M. barleeanus is 1.18‰ at the Betsiboka slope station, whereas it increases to 1.96‰ at the Mahavavy slope station (Fig. 5) . The same observation can be made for the ∆δ 13 C between B. marginata and M. barleeanus. In Fig. 6 , we propose a synthetic scheme that illustrates the effects of exported organic matter (OM) on (1) bottom-water and pore-water δ 13 C DIC and (2) foraminiferal interspecific ∆δ 13 C (∆δ 13 C = δ 13 C species α − δ 13 C species β ). This scheme presents both of the environmental settings described in this study. Setting A corresponds to relatively moderate exportation of organic matter, as documented at the Betsiboka slope station (Fontanier et al. 2016) . Setting B corresponds to the high exportation of organic matter recorded at the Mahavavy slope station, where a strong source-to-sink connection between land and sea is assumed (Fontanier et al. 2016 ). In both environmental contexts, the pore-water δ 13 C DIC profile is dependent on OM mineralization below the SWI (e.g., McCorkle and Emerson 1988; McCorkle et al. 1990; Holsten et al. 2004; Schmiedl and Mackensen 2006) . Consequently, the pore-water δ 13 C DIC profile exhibits a stronger decrease with sediment depth in scenario B than in scenario A. In both settings, bottom water is well oxygenated (>180 µmol/L) (Fontanier et al. 2016) . As far as the oxygen penetration depth into the sediment (OPD) is controlled by organic matter decomposition below the sediment-water interface (SWI), the OPD is shallower in setting B than in setting A. According to our data, we can distinguish between the living foraminifera occupying very shallow infaunal (δ 13 C VSI ), shallow infaunal (δ 13 C SI ), intermediate infaunal (δ 13 C II ), and deep infaunal (δ 13 C DI ) microhabitats based on their δ 13 C values. According to our model, foraminiferal δ 13 C follows the profile of pore-water δ 13 C DIC fairly well. Therefore, the interspecific ∆δ 13 C between living foraminifera in different microhabitats is generally higher in setting B, where organic matter mineralization and exportation are enhanced. Finally, as already discussed in previous works (e.g., McCorkle and Emerson 1988; Schmiedl et al. 2004; Fontanier et al. 2006; Mackensen 2006, Theodor et al. 2016) , the ∆δ 13 C between species with different microhabitats can be considered a reliable proxy of exported organic matter flux. C species β ). The OM exportation at the sediment-water interface is illustrated by green arrows. The sediment-water interface (SWI) is indicated by horizontal brown lines. The profile of pore-water δ 13 C DIC is assumed to depend on OM degradation below the SWI (e.g., McCorkle and Emerson 1988; McCorkle et al. 1990; Holsten et al. 2004; Schmiedl and Mackensen 2006) . Environmental setting A corresponds to relatively moderate exportation of organic matter (thin green arrows), as documented at the Betsiboka slope station. Environmental setting B corresponds to high exportation of organic matter (thick green arrows), as documented at the Mahavavy slope station. In both contexts, the bottom water is well oxygenated (>180 µmol/L) (Fontanier et al. 2016) . The oxygen penetration depth in the sediment (OPD) is indicated by a red hatched line. We can distinguish between the living foraminifera occupying very shallow infaunal (δ 13 C VSI ), shallow infaunal (δ 13 C SI ), intermediate infaunal (δ 13 C II ), and deep infaunal (δ 13 C DI ) microhabitats based on their δ 13 C values. According to our scheme, foraminiferal δ 13 C tracks the pore-water δ 13 C DIC profile fairly well. Therefore, the interspecific ∆δ 13 C between living foraminifera in different microhabitats is generally higher in scenario B, where organic matter mineralization and exportation are enhanced (colour figure online) organic matter, oxygenation) control the intra-and interspecific variability in isotope signatures. The following conclusions can be drawn based on the results of the tests:
Conclusions
• The δ
18 O values of the foraminiferal taxa are clearly not determined by microhabitat pattern. Some species (Bulimina marginata, Uvigerina hispida) present tremendous but unexplained intraspecific variability that does not seem to be explained by the classical ontogenetic effect (when tested).
• The δ 13 C values of the foraminiferal taxa do not show a 1:1 relationship with the bottom-water δ 13 C DIC; nor do they present a constant offset from it. Instead, they are mainly controlled by a microhabitat effect. The decreased δ 13 C values of the (very) shallow, intermediate, and deep infaunal taxa at the deeper station compared to those seen at the shallower station reflect the enhanced mineralization of sedimentary organic matter below the sediment-water interface.
• The ∆δ 13 C between shallow/very shallow infaunal species (i.e., Hoeglundina elegans, Uvigerina hispida) and intermediate/deep infaunal species (i.e., Melonis barleeanus, Globobulimina barbata) can shed light on the exportation of organic matter at the seafloor off northwestern Madagascar. Kroopnick P (1985) The distribution of δ 
